Objective To compare transverse abdominis (TrA) contractility in stroke patients with hemiparesis and healthy adults using musculoskeletal ultrasonography. Methods Forty-seven stroke patients with hemiparesis and 25 age-matched healthy control subjects participated in this study. Stroke patients were divided into three groups on the basis of their degree of ambulation. Group A consisted of 9 patients with wheelchair ambulation, group B of 23 patients with assisted ambulation, and group C of 15 patients with independent ambulation. Inter-rater reliability regarding ultrasonographic measurement of abdominal muscle thickness in the control group was assessed by two examiners. The TrA contraction ratio (TrA contracted thickness/TrA resting thickness) was measured during abdominal drawing-in maneuver and was compared between the patients and the control group and between the ambulation groups. Results The inter-rater reliability ranged from 0.900 to 0.947. The TrA contraction ratio was higher in the nonparetic side than in the paretic side (1.40±0.62 vs. 1.14±0.35, p<0.01). The TrA contraction ratio of the patient group was lower in the non-paretic side as well as in the paretic side than that of the control group (right 1.85±0.29, left 1.92±0.42; p<0.001). No difference was found between the ambulation regarding the TrA contraction ratio. Conclusion The TrA contractility in hemiparetic stroke patients is significantly decreased in the non-paretic side as well as in the paretic side compared with that of healthy adults. Ultrasonographic measurement can be clinically used in the evaluation of deep abdominal muscles in stroke patients.
INTRODUCTION
Abdominal muscles are known to play an important role in the performance of functional movements and in the stabilization of the trunk, not only in a static state but also in a dynamic state where movements, such as upper limb flexion and extension, can affect the body balance. A lot of research has been carried out on trunk muscle strength and trunk balance in patients with low back pain and in healthy populations using isokinetic machines, www.e-arm.org electromyography (EMG), functional tests, and musculoskeletal ultrasound.
The importance of the transverse abdominis (TrA) has been emphasized in studies on the trunk stabilizing muscles or the core muscles. Hodges et al. [1] demonstrated its involvement in unloading of the spine, anticipatory postural control [2] and intersegmental stabilization of the spine [3] . The research on patients with low back pain using ultrasonography revealed a decreased activity of TrA in patients with low back pain compared to the unaffected side of the patients and to healthy subjects [4] [5] [6] [7] .
Trunk muscle strength and trunk stability have been investigated in patients with stroke using an isokinetic machine, EMG, and functional tests.
Previous research demonstrated that the peak torque of the trunk flexion and extension measured by an isokinetic dynamomter was significantly smaller in hemiplegic patients than in healthy controls, although the trunk muscle weakness was not detected in the physical examinations of those patients [8] . There was a significant positive correlation between trunk flexion and extension muscle strength and the Berg Balance Scale score at discharge and locomotion transfers. The Functional Independence Measure (FIM) subscore at discharge was positively correlated with trunk flexion muscle torque values [9] . Dickstein et al. [10] reported major impairments in the activity of the trunk muscles and also a reduced activity of the lateral trunk muscles, delayed onset of the muscles and reduced synchronization between the activation of pertinent muscles pairs in hemiparetic subjects. Those problems were associated with motor and functional deficits [10] . Other research showed that stroke patients with balance problems take longer to reach the same functional gains as those without balance problems [11] and that trunk control at an early stage after stroke has a strong predictive value for comprehensive activities of daily living (ADL) functions 6 months after a stroke [12] .
The standing balance has shown to have a significant correlation with ADL functions measured by FIM scores [13] , and sitting balance was found to have a strong positive correlation with ADL functions measured by the Barthel index [14] .
As described above, there is a close relationship between the trunk muscles of stroke patients and their overall functioning, balance and prognosis. Most studies have used isokinetic machines, EMG, and ultrasonography as tools to evaluate the abdominal muscles in patients with stroke. There are a limited number of studies on TrA in stroke patients. Moreover, studies that have been conducted on stroke patients lack comparisons with control groups [15, 16] . Previous studies also involved patients who had suffered a stroke more than 6 months earlier.
Further studies are needed focusing on the effects of rehabilitative treatment in subacute stroke patients and chronic patients.
Rehabilitative ultrasound imaging is a noninvasive method to visualize the lateral abdominal wall and qualitatively and quantitatively assess deep muscular activity during exercise. The change of muscle thickness during the abdominal drawing-in maneuver (ADIM) has been validated with EMG studies [17, 18] . However, that the transducer can inevitably cause inter-rater or intra-rater reliability problems is a disadvantage of ultrasonography scans of the body including abdominal muscles. Although the usefulness of ultrasonography in the measurement of muscle thickness has been verified in many studies, not all anatomical site evaluations have been shown to be reliable. In acute stroke patients, only four sites (anterior upper arm, posterior upper arm, abdomen and anterior thigh) were considered to provide reliable measures of muscle thickness [19] .
The aim of the present study was to exploit the advantages of ultrasonography in the investigation of TrA activity in patients with stroke. So, the purposes of this study were 1) to determine the inter-rater reliability of measuring abdominal muscle thickness using ultrasonography, 2) to compare the activation of the TrA between healthy controls and stroke patients and between affected and unaffected sides in stroke patients, and 3) to determine whether there is a difference in the activation of the TrA between groups with diverse ambulatory levels.
MATERIALS AND METHODS

Subjects
Between February 2011 and March 2013, stroke patients were included in the study who were admitted for a comprehensive rehabilitation or visited the out-patient clinic of the Department of Physical and Rehabilitation Medicine at Inje University Busan Paik Hospital, Busan, Republic of Korea.
The inclusion criteria were as follows: patients having a at least 25). The control group was comprised of a healthy population who met the inclusion and exclusion criteria, excluding the items related to stroke and hemiparesis. Forty-seven hemiparetic stroke patients and 25 agematched healthy control subjects participated in the current study. Twenty-six patients were right hemiparetic and 21 were left hemiparetic. The stroke patients were divided into three groups on the basis of their degree of ambulation, which was measured by the items of the Modified Barthel Index (MBI). The wheelchair ambulation group (group A, n=9) was defined as patients with a score of 1 to 5 in the wheelchair ambulation item. The assisted ambulation group (group B, n=23) had a score of 2 to 3 in the ambulation item and the independent ambulation group (group C, n=15) had a score of 4 to 5 in the ambulation item (Table 1) .
Methods
The participants were instructed how to perform the ADIM. The following instruction preceded the contraction: "Breathe in, breathe out, do not breathe in and gently and slowly draw your lower abdomen in toward the spine." The ADIM contraction was held for 5-10 seconds. During the instructions, ultrasonography was used to determine whether the TrA was selectively activated while the superficial abdominal muscles were relaxed. The ultrasound recordings during the ADIM were performed www.e-arm.org with the subject in a supine hook-lying position and with the examiner sitting to the right side of the subject [20] ( Fig. 1) .
The ultrasound images of the TrA were obtained using a LOGIQ e (GE Healthcare, Milwaukee, WI, USA) with a 12 MHz linear transducer. The images were recorded in B mode. The transducer was placed on either side of the umbilicus in a transverse plane along the mid-axillary line. The hyperechoic interface between the TrA and the thoracolumbar fascia was set to be the right most structure of the ultrasound image to standardize the placement of the transducer among the subjects. The angle of the transducer was altered to ensure that the best image was captured and that the fascial layers of the abdominal muscles were parallel on the screen.
After capturing the image, the thickness of the TrA, the external oblique (EO) and internal oblique (IO) were measured using the distance between the superior edge of the deep hyperechoic fascial line to the inferior edge of the superior fascial line [4] (Fig. 2) .
The TrA contraction ratio was calculated by dividing the muscle thickness at the maximal contraction by the muscle thickness at rest. The contraction ratio of the EO+IO was calculated in the same manner to determine whether the muscle thickness of the EO and IO remained relatively constant and to assess whether the ADIM was performed in the correct manner [21] . The thickness measurements were saved in Microsoft Excel, and the TrA and EO+IO contraction ratios were calculated.
The abdominal muscle thickness of 25 control subjects was measured by two experienced examiners to evaluate the inter-rater reliability in the measurement of the abdominal muscles. The subjects were kept in the supine hook-lying position. Sitting to the right side of the subject, the first examiner measured the abdominal muscle thickness with the transducer placed on either side of the umbilicus in a transverse plane along the mid-axillary line. Then the second examiner measured the abdominal muscle thickness of the subjects in the same manner two or three days later.
Statistical analysis
Descriptive statistics were used to compare the demographic and clinical characteristics of the patient and the control groups. Reliability measures were determined for the TrA, EO and IO in a relaxed state using the intraclass correlation coefficient (ICC). A paired t-test was used to compare the TrA contraction ratio between the body sides, and an independent t-test was employed to compare the TrA contraction ratio between the patient and the control groups. A one-way analysis of variance (ANOVA) was conducted for comparisons of the TrA contraction ratio within the patient subgroup (group A-C). A p-value of <0.05 was considered to indicate statistical significance. All the data were analyzed using SPSS ver. 17.0 for Windows (SPSS Inc., Chicago, IL, USA).
RESULTS
Demographic characteristics
The characteristics of the patients were as follows. The average age of the subjects was 50.78 years, ranging from 29 to 66 years. The average time from stroke onset to ultrasonographic evaluation was 101.38 days, ranging from 32 to 170 days. The average K-MBI subscore was 7.59 points, ranging from 1 to 15 points. The average K-MMSE score was 27 . Except for the K-MBI subscore (p>0.05), there were no significant differences between the patient and control groups in age, K-MMSE score or BMI (p<0.01).
Inter-rater reliability analysis
The ICC scores for inter-rater reliability ranged from 0.900 (left IO) to 0.947 (left TrA) and the confidence interval was within an acceptable range of 0.70 to 1.00 (Table 2) .
Muscle thickness during the resting state
There were no significant differences between the right and left sides of the abdomen with respect to muscle thickness of the TrA, EO or IO during the resting state in the control group (p=0.85, p=0.78, and p=0.56, respectively) (Table 3) . There were no significant differences between the paretic and non-paretic sides of the abdomen with respect to the muscle thickness of the TrA, EO or IO during the resting state in the patient group (p=0.22, p=0.98, and p=0.90, respectively) ( Table 3 ).
In the comparison between the patient and the control groups, the resting thickness of the TrA, EO, and IO of the patients was lower than that of the healthy controls and these differences were statistically significant (p<0.05).
Contraction ratio
There were no statistically significant differences between both sides of the abdomen regarding the TrA, EO, IO and EO+IO contraction ratio in the control group (p=0.39, p=0.63, p=0.91, and p=0.52, respectively) ( Table  4) .
There were no significant differences between the paretic and non-paretic sides of the abdomen with respect to the EO, IO, and EO+IO contraction ratio in the patient group (p=0.11, p=0.96, and p=0.26, respectively) ( Table  5 ). However, the TrA contraction ratio of the paretic side www.e-arm.org was significantly lower than that of the non-paretic side (p<0.01).
There were no significant differences with respect to the TrA, EO, IO, and EO+IO contraction ratio between the groups classified by the degree of ambulation. In the comparison between the patient and the control groups, the TrA contraction ratio of the paretic side was significantly lower than that of the control group (p<0.001) and the TrA ratio of the non-paretic side was lower than that of the control group, which was statistically significant (p<0.001).
DISCUSSION
The ICC value for the abdominal muscles was not less than 0.900 in any of the groups and the inter-rater reliability for the abdominal muscle thickness measurements using ultrasonography could be considered within the acceptable range. The reliability of ultrasonography in the current study was consistent with that of previous studies in healthy subjects or patients with low back pain [19, 21, 22] . Compared with a previous study on acute stroke patients, the reliability indices in the present study were high [19] . Research on ultrasonographic measurement of the abdominal muscles has utilized several structures as a landmark of the exam, such as the point just superior to the iliac crest [4, 22] , the point halfway between the first costal cartilage, the iliac crest [22] , and the umbilicus [19] . In the current study, the reliability evaluation was performed on healthy adults and the umbilicus was used as a landmark because it is relatively convenient to locate. The use of this landmark might have caused the reliability indices to be high.
The position of the umbilicus is influenced by the amount of subcutaneous fat tissue. Thus, ultrasonographic measurements of abdominal muscles may have limitations in several populations, such as in obese subjects and patients who have undergone abdominal operations. These factors probably have a limited influence on the present study, as we excluded subjects with a history of abdominal operations and obese subjects from participation. As reported in a previous study, the reliability of ultrasonographic measurements of abdominal muscles is influenced by the operator's level of training. This likely explains the high level of inter-rater reliability in the current study [22] .
ADIM has been described as the best way to activate the TrA [23] [24] [25] [26] . The ADIM is an inward movement of the lower abdominal wall in which the patient is instructed to draw the umbilicus toward the spine. A key feature is to teach the patient to preferentially activate the TrA while maintaining relaxation of the more superficial musculature [4] .
EO+IO contraction ratios were obtained to determine whether ADIM was performed appropriately and the values of the EO+IO contraction ratios in the patient and the control groups were close to 1.0. It means that the EO and IO were not contracting significantly. This finding is p<0.001 corresponding value in control group.
www.e-arm.org similar to that reported in previous research [21] . Based on the findings in the present study, the ADIM was considered to have been performed properly. There were no significant differences in the EO+IO contraction ratio between the patient and the control groups or between the groups classified by the degree of ambulation. Thus, there don't seem to have been any significant differences between the subjects in the ADIM performance. Although the patient group was classified by the degree of ambulation, this group probably had no problem in understanding and performing the ADIM because they had appropriate cognitive functioning.
The TrA contraction ratio has been developed to examine the recruitment of the TrA during an active contraction [27] . Musculoskeletal ultrasonography is a noninvasive method to visualize the lateral abdominal wall and quantitatively and qualitatively assess deep muscular activity with exercise. The change in muscle thickness during the ADIM has been validated with EMG studies and is an indicator of muscle activation [17, 18] .
In the control group, the values of the TrA contraction ratio were comparable to those of previous studies, and the side-to-side differences were not statistically significant [4] . The TrA contraction ratio was less than 2.0 on average. However, a previous study reported values ranging from 2.22 to 2.43 [21] . That study was conducted with active duty soldiers with nonspecific low back pain and the average age of the subjects was younger than that of the current study. These factors might have contributed to the higher values.
In the patient group, the TrA contraction ratio of the paretic side was significantly lower than that of the nonparetic side. Some EMG-related research has reported delayed or reduced activity of the lateral trunk muscles and reduced synchronization between the activation of pertinent muscular pairs in stroke patients. However, we were unable to find any studies regarding TrA activation in stroke patients [10, 28, 29] .
In previous studies of bilateral innervation of the trunk muscles, the activity of the unilateral trunk was impaired. However, the exact mechanism of the unilateral impairment remains still unclear [10] . Predominant bilateral innervation of the axial muscles, such as the rectus abdominis and to a lesser extent, the lateral trunk muscles likely explain these impairment. It is possible that unilateral brain lesions have a greater influence on the lateral trunk muscles, such as the TrA, than on other muscles, thus explaining the low values of the TrA contraction ratio in the present study [30] [31] [32] .
Noteworthy findings in the present study are the differences in the TrA contraction ratio between the paretic and non-paretic sides during low-intensity exercise, such as ADIM. In research conducted on patients with low back pain, the TrA contraction ratio of the painful side was lower than that of the non-painful side. However, these results were found during mid-to-high intensity exercises, such as bridge exercise or sling bridge exercise [4] . The ceiling effect or other factors are considered to inhibit low-intensity exercise, such as ADIM, and produce differences in low back pain patients [21] . Mid-to-high intensity core exercise could not be performed in the current study because of the characteristics of the stroke patients. Thus, we did not expect to detect significant differences in the TrA contraction ratio between the paretic and non-paretic sides. It is more likely that factors related to muscle atrophy had a negative effect on the TrA contractility in the patient group considering that there were no significant differences in the TrA thickness between the paretic and non-paretic sides during the resting state, that the ADIM was performed appropriately and that there were significant differences in the TrA thickness between the patient and the control groups during the resting state. These factors may explain the significant TrA contractility differences between the affected and unaffected side during the low-intensity ADIM exercise.
In common with the results of previous studies in healthy adults and low back pain patients, there were TrA contraction ratio differences between the paretic and non-paretic sides in the present study. In addition, the TrA contraction ratio of the paretic side was lower than that of the control group. Two factors may explain these results. First, as previous research demonstrated, the unilateral brain innervates both sides of the trunk muscles. Therefore, unilateral stroke lesions could have a negative effect on the contractility of bilateral trunk muscles and this may be manifested as a decreased TrA contraction ratio. Second, based on the findings that the resting TrA thickness of the patient group was lower than that of the control group, as mentioned above, disuse atrophy could be a possible cause of the low TrA contraction ratio in the patients. As the present research was conducted with sub-acute stroke patients, there is a possibility that the www.e-arm.org patients had spent a long time in a bedridden state, followed by trunk muscle atrophy. This may have reduced the muscle mass and contractile properties at the time of the investigation. The disuse atrophy of the patient group may have been manifested as a lower level of TrA contraction ratio compared to that of the control group.
In the patient groups classified by the degree of ambulation, there were no significant differences in the TrA contraction ratio. Differences between the groups were expected because it was likely that there were discrepancies in the degree of trunk muscle recruitment, trunk balance and disuse atrophy according to the ambulatory level. However, we found no such differences. This may be because various factors determine the ambulation level, such as the muscle strength of the lower limbs and trunk, balance maintenance ability and visual acuity. A functional exam measuring trunk muscle strength and trunk balance is necessary to determine the contribution of these factors and to characterize their association with the TrA contraction ratio.
Ultrasonography is widely utilized in diverse clinical fields and in the evaluation of the musculoskeletal system. Ultrasound imaging is a reliable and valid technique to measure changes in muscle thickness. It has been compared to MRI, which is considered the gold standard for the measurement of muscle geometry [33] and it has been compared to EMG as a standard technique for the monitoring of muscle activation [17, 18] . Further, ultrasonography has been used to evaluate muscle wasting, the level of physical activity and the response to exercise in acutely ill patients in intensive care settings as well as in healthy populations [19] . The advantages of ultrasonography in clinical settings include no radiation exposure, noninvasiveness, relative low cost, portability and realtime examination. It is common for stroke patients to have multiple comorbid diseases and this occasionally prevents stroke patients undergoing invasive, time-consuming and contrast-using studies. Therefore, characteristics of ultrasonography may have advantages in the evaluation and follow-up of stroke patients.
Research has been conducted on the trunk muscles of stroke patients. Carr et al. [31] demonstrated in their report that unilateral abdominal muscles are innervated from the bilateral sides of the brain. They hypothesized that trunk muscles, including those of the thoracic and abdominal region, would not be affected by unilateral stroke lesions [31, 34] . Other studies have demonstrated that trunk function, is decreased in stroke patients in addition to trunk muscle strength [8, 10, 13, 35, 36] . The results of the current study correspond well with those of earlier work. To our knowledge, the present study is the first to investigate the morphological and functional characteristics of abdominal muscles using ultrasonography in stroke patients.
The present study has several limitations. First, although the TrA activation ratio seems to be a consistent and representative measure of TrA contractility, normative data for TrA activation ratio are lacking. Therefore, the results of the current study were interpreted by comparing the TrA contraction ratio with that of previous research. The interpretation of the results of stroke patients has many restrictions because little research has been conducted on the TrA contraction ratio in patients with stroke. Second, although there were statistically significant findings, a generalization of the study results is impossible due to its small sample size, in particular that of the control group and the subgroups of patients. The third limitation results from the performance difficulties in the ADIM. The ADIM does not require an overload or effortful abdominal contraction, but it requires selective contraction of the TrA. Some patients could not perform the ADIM in an accurate manner after the first instruction. They appropriately performed the ADIM when ultrasonographic guidance was used to give them feedback on whether the TrA was selectively activated while the superficial abdominal muscles were relaxed. However, in some cases, the total number of ADIM repetitions was more than five and this could have caused abdominal muscle fatigue. Finally, functional evaluations, including evaluation of trunk balance and trunk strength, were not conducted. In the future, additional studies should be conducted with a large number of subjects aimed at comprehensively analyzing the activation of the TrA and the functional characteristics of the trunk in stroke patients.
In the present study, ultrasonographic evaluations were conducted on the activation of the TrA in subacute stroke patients. There was no difference between the groups classified by the level of ambulation. However, the TrA contraction ratio of the paretic side was significantly lower than that of the non-paretic side and the TrA ratio of the non-paretic side was lower than that of the control www.e-arm.org group. The results of this study suggest that ultrasonographic measurements can be clinically used in the deep abdominal muscle evaluation of stroke patients.
